Introduction
Invasive species can have significant effects on biodiversity by reducing native species richness, altering evolutionary pathways, or even causing extinctions (Ruiz and Carlton 1997; Mooney and Cleland 2001; Clavero and García-Berthou 2005) . In marine environments, introductions of lionfish in the northwest Atlantic (Albins 2013 ) and the ctenophore Mnemiopsis leidyi (Shiganova 1998) in the Black Sea have led to drops in the abundance and diversity of native fish species. One of the biggest challenges in Electronic supplementary material The online version of this article (doi:10.1007/s10530-016-1304-1) contains supplementary material, which is available to authorized users.
dealing with biological invasions is preventing population growth and further spread after the initial introduction stage. In the northwest Atlantic, there are two ecologically dominant invasive crabs in markedly different stages of their invasion of rocky shore habitats: the green crab Carcinus maenas (Linnaeus, 1758) and the Asian shore crab Hemigrapsus sanguineus (De Haan, 1835) .
Green crabs have established populations all over the world, mostly in the nineteenth and early twentieth centuries, and are among the most widespread marine invasive species (Grosholz and Ruiz 1996) . In the northwest Atlantic, C. maenas was introduced to New Jersey, USA, by 1817 (Say 1817) , and had spread northward to Maine, USA, by 1905 and the east coast of Canada by 1950 (Audet et al. 2003) . Green crabs have had a substantial ecological impact, as they have negatively affected clam, mussel, barnacle, and snail populations and play an important role in shaping rocky intertidal communities (Lubchenco 1978; Floyd and Williams 2004; Tyrrell et al. 2006 ). However, green crabs have largely been replaced in rocky intertidal habitats along the mid-Atlantic and southern New England coast of the USA by Asian shore crabs over the last two decades.
Asian shore crabs were introduced near Cape May, NJ, USA, prior to 1988 via ship ballast water, a common vector for marine invasive species with a pelagic larval stage (McDermott 1991; Carlton and Geller 1993; Epifanio 2013) . This species spread rapidly to North Carolina in the south and by 2002 had reached northward to southern Maine (Stephenson et al. 2009; Epifanio 2013 ). The northward spread of H. sanguineus is likely limited by thermal tolerance of the megalopa larval stage, though this has not been tested in the northern extent of its range (Epifanio 2013) . Asian shore crabs have a combined larval (zooea ? megalopa) duration of approximately 25 days, long enough for long-distance dispersal via coastal currents (Epifanio 2013; Epifanio et al. 2013) . In addition to the east coast of the USA, H. sanguineus spread to France and the Netherlands by 1999, the Black Sea by 2008, and the UK by 2014, so this crab species is a burgeoning problem in several parts of the world (Breton et al. 2002; Micu et al. 2010) .
Asian shore crabs are successful invasive species in part because of their life history. Females can produce over 40,000 eggs per brood, only brood for 22 days, and have multiple broods in one summer, unlike green crabs (McDermott 1998) . They are omnivorous, as they consume mussels, snails, clams, oysters, barnacles, amphipods, and worms, but also scavenge and can consume a variety of algae (Brousseau et al. 2001; Ledesma and O'Connor 2001; Bourdeau and O'Connor 2003; Tyrrell et al. 2006; Blasi and O'Connor 2016) . Asian shore crabs compete with green crabs for both food and space under rocks and are able to outcompete them because H. sanguineus is more aggressive than C. maenas (Jensen et al. 2002) , has higher feeding rates (DeGraaf and Tyrrell 2004) , has stronger claws for its size (Payne and Kraemer 2013) , different feeding activity rhythms (Spilmont et al. 2015) and consume juvenile C. maenas (Lohrer and Whitlatch 2002a; Payne and Kraemer 2013) . Competition between these crab species has led to massive declines in rocky shore populations of C. maenas, as well as several other intertidal species in the invaded range of H. sanguineus (Epifanio 2013; O'Connor 2014) . The northwest Atlantic coast is the only location with substantial populations of both green and Asian shore crabs, as Asian shore crabs have only recently become established in the native European range of green crabs.
In western Long Island Sound, 25% of mussel (Mytilus edulis) mortality has been attributed to H. sanguineus predation, as these crabs can consume up to 150 juvenile mussels per day (Lohrer and Whitlatch 2002b; Brousseau et al. 2014) . Asian shore crabs have also caused declines in populations of barnacles, spirorbid worms, littorine snails, mud crabs, and fiddler crabs, which they have recently begun to outcompete for burrows in salt marshes as they move into this new habitat (Tyrrell et al. 2006; Kraemer et al. 2007; Peterson et al. 2014) . Asian shore crabs can also consume juvenile lobsters, which they have the additional potential to compete with in rocky cobble habitats (Demeo and Riley 2006; Lord and Dalvano 2015) . The spread of H. sanguineus has been wellchronicled in the mid-Atlantic and southern New England, as surveys of H. sanguineus populations have documented the population explosion of this invasive crab (Stephenson et al. 2009; O'Connor 2014) . Population densities at several sites in Massachusetts and Rhode Island increased from only a few crabs per square meter to over 100-m -2 in just a few years per site in the early 2000s (O'Connor 2014). While invasive H. sanguineus population densities have been tracked over the past few decades, there has been no documentation as to the genetic diversity of these individuals.
Population genetics is frequently used as a powerful tool to examine differences between individuals and populations and can be used to infer parameters related to dispersal and migration. Analyses using the maternally-derived mitochondrial cytochrome c oxidase subunit I gene have been widely utilized in crab population genetic studies, most notably to study the invasion history of the green crab along the northwest Atlantic coast (Roman 2006; Darling et al. 2008 Darling et al. , 2014 Blakeslee et al. 2010; Darling 2011; Williams et al. 2015) . Only one study, however, has documented H. sanguineus COI genetic diversity, and this was conducted in its native range (Yoon et al. 2011) . Four sites in Korea and one in Japan were diverse, with 6-10 haplotypes identified at each site totaling 28 unique haplotypes (Yoon et al. 2011 ). Yoon et al. (2011 suggested that the high haplotype diversity and low nucleotide diversity was due to rapid population growth from a small ancestral population (Yoon et al. 2011) . Using Korean populations and a different mitochondrial marker, the cytochrome b (Cytb) gene, assumptions about populations dynamics proposed in their 2011 study were supported (Hong et al. 2012) . While H. sanguineus invaded the northwest Atlantic 28 years ago (McDermott 1991) , no genetic analyses have been leveraged to learn about the origin of these initial invaders and the subsequent population dynamics along this range.
Genetic analysis is particularly important for invasive species, as it can reveal evidence of multiple invasions, even from source populations with different temperature tolerances. For example, green crabs introduced in the early nineteenth century were of a singular ''southern'' haplotype (Carlton and Cohen 2003) . These crabs were successful at invading much of the northern east coast of the USA, but didn't extend much into colder waters of Canada until late in the twentieth century. Starting in the 1980s, there were subsequent introductions of genetically diverse, cold tolerant, ''northern'' haplotypes from Europe along the Nova Scotian coast (Roman 2006) . These introductions assisted in the expansion of the range into Prince Edward Island and Newfoundland and the development of an introgression zone between northern and southern haplotypes as far north as Newfoundland (Roman 2006; Blakeslee et al. 2010; Darling et al. 2014; Williams et al. 2015) . The origin of invasive species provides clues about their thermal tolerance and potential spread in their invaded range, and temperature is a factor that may play a large role in limiting spread of H. sanguineus (Stephenson et al. 2009; Epifanio 2013) .
The aim of the present study was to compare invasive Asian shore crab population growth rates near its northern range limit with those in the central part of its geographic range and determine adult genetic variation along that same range. This is important from both an ecological and management perspective, as efforts to mitigate impacts of invasive species focus on preventing both spread to new sites and expansion of established populations. We examined the progression of the H. sanguineus invasion in northern New England and compared population densities to those of other intertidal crab species. The green crab invasion was not well-documented in the 1800s and early 1900s, and this is an important opportunity to determine the spreading rates of the H. sanguineus invasion in its early to mid-stages. 
Quadrat surveys
In order to directly compare crab densities with those found by previous researchers, we used methods et al. (2009) , 1 m 2 quadrats were used to estimate crab density and were placed in locations with maximum suitable cobble habitat (non-random). At each site, we placed the quadrats in areas that were near 100% cobble, where we could flip over all of the rocks in the quadrat. We conducted quadrat surveys in the high (4 quadrats), mid (4 quadrats), and low (4 quadrats) intertidal zones at all 16 initial sites, then only in the high and mid zones at the three additional sites, due to tidal constraints. Tidal zones were determined by algal zonation, as in Stephenson et al. (2009) , with high quadrats at the upper limit of macroalgae, mid quadrats in the center of the fucoid algae zone (mostly Ascophyllum nodosum), and low quadrats in the lowest algal zone (primarily Chondrus crispus and coralline algae) near 0.0 MLLW. We flipped over all rocks, moved seaweed, and scraped through sediment to find all crabs in each quadrat, including Asian shore crabs (H. sanguineus), green crabs (C. maenas), and rock crabs [Cancer irroratus (Say 1817) ]. Carapace width (CW), sex, and the presence of eggs were recorded for each of the three crab species for all individuals over 10 mm CW. Stephenson et al. (2009) did not mention a minimum crab size in their study, but we excluded crabs under 10 mm CW because they could not be captured as reliably; as such, our population density estimates were conservative. With this exception, our quadrat sampling methods were as similar as possible to Stephenson et al. (2009) in order to make accurate comparisons of population density. The present study also included green crabs and rock crabs in the survey, which were not described by Stephenson et al. (2009) .
DNA extraction and sequencing
For DNA analysis, 25 H. sanguineus individuals per sampling site were sequenced except for Steuben (PM), where only five crabs were found. Three locations (Kittery, KT; New Harbor, NH; Chamberlain, CH) were follow-up sites that were surveyed solely to gain higher resolution density data; at these sites, H. sanguineus was observed but was not included in DNA analysis. Owls Head (OH) was also excluded from genetic analysis as only a single Asian shore crab was found. A single site from New Jersey at the location of the initial introduction to the USA was Fig. 1 Proportion of all three crab species for all 19 sites surveyed in summer 2015. The highlighted transition zone in central Maine is the region in which numerical dominance in rocky cobble sites switches from Asian shore crabs (H. sanguineus) to green crabs (C. maenas). Rock crabs (C. irroratus) were relatively sparse in the intertidal zone throughout the survey region. Site labels correspond to site descriptions and crab densities in Tables 1 and 2 Fig. 2 Densities of Asian shore crabs (H. sanguineus) at all surveyed sites. Highest densities are in Connecticut, New Hampshire and southern Maine, decreasing in the transition zone highlighted in the lower right hand corner. Site labels correspond to site descriptions and crab densities in Tables 1 and 2 Density of genetically diverse invasive Asian shore crab 1157 included in the genetic diversity data set (Table 1) . Samples from different tidal levels were pooled together (within each site) for genetic analysis. When more than 25 H. sanguineus were found at a site, crabs to be used for genetic analysis were haphazardly selected from a bucket containing all crabs collected at that site. DNA was extracted from pereopod muscle tissue using the Qiagen DNeasy Tissue kit and purified by ethanol precipitation. The DNA pellet was rinsed with EtOH (95%) before it was air-dried and re-suspended in molecular-grade water. A 512 bp region of COI was amplified by PCR (2 min at 94°C, then 30 cycles of 15 s at 94°C, 30 s at 53°C, 1 min at 72°C, then 72°C for 7 min) using REDTaq Ò ReadyMix TM PCR Reaction Mix (Sigma-Aldrich) and COI universal primers LCO1490f (5 0 -GGTCCAACAAATCATAAA GATATTGG-3 0 ) and HCO2198r (5 0 -TAAACTTCA GGGTGACCAAAAAATCA) (Folmer et al. 1994 ). The amplified product was purified using the QIAquick Ò PCR Purification Kit (Qiagen). The PCR products were sequenced directly using amplification primers in both directions.
Density and distribution analysis
We calculated the proportion and overall density of each of the three crab species at all 19 sites in order to show relative and absolute abundance, respectively. Rock crabs were not found at most sites, so were excluded from most of the analyses. We used a 3-way ANOVA to test the effect of site, tidal level, and species on crab densities for H. sanguineus and C. maenas. We analyzed the sex ratios and percent of ovigerous females for H. sanguineus and C. maenas separately with 2-way ANOVAs because there were few sites at which enough of both species were found to use a 3-way ANOVA setup. We arcsine-transformed all sex ratio and ovigerous female data prior to the 2-way ANOVA to statistically analyze non-normal proportion data.
Carapace width was also compared between sites and tidal levels with a 2-way ANOVA in separate tests for H. sanguineus and C. maenas. The surveys in this study were designed to estimate density and repeat a previous survey (Stephenson et al. 2009 ), not to conduct complex population structure analysis which would require larger and more uniform numbers of collected species per site. However, because H. sanguineus populations expanded and were the focus of this study, we used our collected size-frequency data to create histograms and visually compare H. sanguineus population structure between sites. To develop more robust histograms, we combined H. sanguineus across all tidal levels within each site for this analysis (H. sanguineus size did not vary significantly by tidal level).
After we calculated population densities of H. sanguineus we were able to compare to the 4 sites which had established H. sanguineus populations in 2005 (Stephenson et al. 2009 ) and determine the 10-year factor of increase (FOI) in population density. We then compared this with the 10-year FOI at 4 sites monitored by O'Connor (2014) in southern New England, using a two-sample T test to test for differences in FOI between regions.
Genetic analysis
Using forward and reverse sequences, consensus sequences were produced for each individual using ClustalW (Larkin et al. 2007 ) and subsequently checked by hand. All individuals were aligned in ClustalX 2.1 (Larkin et al. 2007 ). Using DnaSP version 5.10.1 (Librado and Rozas 2009) , within and between population haplotype diversity (h) (Nei 1987) and nucleotide diversity (p) (Tajima 1983) were estimated. Pairwise population F ST (a measure of pairwise population differentiation) and N e m (a measure of temporal gene flow between populations) values were calculated with the Arlequin program version 3.5 using the methods of Tajima and Nei (1984) , Slatkin and Hudson (1991), and Slatkin (1993) . A parsimony network connecting the haplotypes was plotted with TCS version 1.21 (Clement et al. 2000) .
Results
At sites in Connecticut, New Hampshire, and southern Maine, Hemigrapsus sanguineus was the most abundant crab species in cobble habitats in 2015 surveys, with relatively small populations of Carcinus maenas and Cancer irroratus (Fig. 1) . This shifted in an apparent transition zone in central Maine, as 69% of crabs at Baileys Island were H. sanguineus, compared to only 1% at Owls Head, 88 km to the northeast (Fig. 1) . Rock crabs (C. irroratus) were relatively rare at most sites, so after the transition zone all sites were numerically dominated by green crabs (Fig. 1) .
Crab population densities in 2015 varied significantly by site and species but not by tidal level (threeway ANOVA; site F 15,288 = 9.26, P \ 0.001; species F 1,288 = 7.15, P = 0.008; tidal level F 2,288 = 2.34, P = 0.10). Because of the differential south-north density patterns of C. maenas and H. sanguineus, there was a significant 3-way ANOVA interaction term for site 9 species and for site 9 tidal level 9 species. Densities of green crabs were substantially higher north of Baileys Island in central Maine ( x ± SE, 6.81 ± 1.00 crabs-m -2 ) than they were in southern sites where H. sanguineus was more abundant (2.96 ± 1.22 crabs-m -2 ). In contrast, Asian shore crabs were found in distinctly higher densities in the southern (13.40 ± 3.37 crabs-m -2 ) than northern (0.59 ± 0.31 crabs-m -2 ) Gulf of Maine, peaking at 30.13 crabs-m -2 in Kittery, ME ( Fig. 2 ). Rock crabs were primarily found in the low intertidal zone but were not abundant enough across all sites to make any statistical comparisons including this species.
There was no significant difference in 2015 crab sex ratio with site or tidal level for either H. sanguineus (Two-way ANOVA, site P = 0.36; tidal level P = 0.39) or C. maenas (two-way ANOVA, site P = 0.17; tidal level P = 0.54). There was also no difference in the percent of ovigerous H. sanguineus females with site or tidal level (two-way ANOVA, site Mean density is the density averaged across all three tidal levels (N = 12), and peak density is the highest density found at that site for that species. Species are abbreviated as HS (H. sanguineus), CM (C. maenas), and CI (C. irroratus). Sites are shown in order from south to north. Density data are displayed in Fig. 2 Density of genetically diverse invasive Asian shore crab 1159 P = 0.37; tidal level P = 0.43). However, the percent of ovigerous female green crabs was significantly higher in the low intertidal zone ( x ± SE, 24.5 ± 7.58%) than in the mid (11.7 ± 3.97%) or high zone (0.7 ± 0.50%) across all sites (Two-way ANOVA, site F 9,90 = 2.86, P = 0.005; tidal level F 2,90 = 8.44, P \ 0.001; interaction F 18,90 = 1.93, P = 0.023) (Fishers LSD post hoc test, low v. high P \ 0.001; low v. mid P = 0.057; mid v. high P = 0.032) (Fig. 3) . The significant interaction term indicates that the percent of ovigerous female green crabs did not vary by tidal level in a consistent manner across all sites, as some sites had few ovigerous females even in the low intertidal zone. Green crab carapace width varied significantly with tidal level and site, though there was a significant interaction suggesting that the tidal pattern was not consistent across sites in 2015 (two-way ANOVA, tidal level F 2,101 = 5.78, P = 0.004; site F 11,101 = 7.64, P \ 0.001; interaction F 22,101 = 2.57, P \ 0.001). Carapace widths of C. maenas in the low intertidal (29.45 ± 0.84 cm) were significantly higher than those in the high intertidal ( x ± SE, 25.51 ± 0.80 cm) (Fishers LSD post hoc test, P \ 0.01). Asian shore crab carapace widths also varied significantly by site, though there was no difference with tidal level and the only site differences were between the Groton, CT, site and all northern sites (Fishers LSD post hoc tests, P \ 0.05) (two-way ANOVA, tidal level F 2,54 = 0.16, P = 0.85; site F 6,54 = 4.23, P = 0.001; interaction F 12,54 = 1.14, P = 0.35). While surveys were designed to estimate density, not conduct population structure analysis, visual comparison of size-frequency histograms for H. sanguineus at all sites showed that the Connecticut population had a higher relative abundance of small individuals than any of the sites in northern New England (Fig. 4) . Crab size-frequency distributions were fairly similar for sites in New Hampshire and southern Maine (Fig. 4b-f ) but were more uneven at the central Maine sites (Fig. 4g-i) .
Increases in H. sanguineus population densities from 2005 (Stephenson et al. 2009 ) to 2015 were substantial, as densities at all sites increased by at least a factor of 10 (Fig. 5a ). This 10-year factor of increase (FOI) was compared between Maine (2005 Maine ( -2015 and southern New England (2001-2011) (O'Connor 2014), showing a significantly more rapid increase in southern New England (two-sample T-test, df = 4, T = -6.60, P = 0.0027) (Fig. 5b) . Asian shore crab densities at all sites in Rhode Island and Massachusetts increased by at least a factor of 47, for a mean FOI of 69.4, compared to 16.9 for Maine (Table 2; Fig. 5 ).
Among 230 individuals from 10 sampling sites that were sequenced, a 512 base pair region of the COI gene revealed 8 haplotypes (Table 3; Suppl  Table 1 ) comprised of 13 biallelic variable sites (Suppl Table 1 ). Of these haplotypes, six were previously identified in Japan and/or Korea (Yoon et al. 2011: GenBank HQ702865, HQ70286577, HQ70286578, HQ70286583, HQ70286584, and HQ70286590). The most prominent and focal haplotype, haplotype 13 (HQ70286577), was found in all sampling sites (Figs. 6, 7; Suppl Table 2 ). Haplotype 1 (HQ702865) was found in all sites except for the most northern ( Fig. 6 ; Suppl Table 2 ). Haplotypes 14 and 20 were also found consistently along the sampling range, with haplotype 14 ranging from NJ to MP and haplotype 20 ranging from OD to MP ( Fig. 6 ; Suppl Table 2 ). Haplotype 19 was found in two individuals at 1 site in Maine (CE) and haplotype 26 was found in 1 individual from Connecticut (CT) and 1 from New Hampshire Fig. 3 Percent of females carrying eggs at each tidal level (±SE). Green crabs (C. maenas) had the highest egg carrying percentage in the low zone, followed by the mid zone, before dropping to less than 1% in the high zone. Asian shore crabs (H. sanguineus) did not show any significant difference with regard to tidal level. Letters indicate significant differences at P = 0.05. There were no significant differences (a = 0.05) between tidal levels for H. sanguineus (OD) ( Fig. 6 ; Suppl Table 2 ). Two newly identified haplotypes, named haplotype 29 and haplotype 30, respectively (GenBank KX579065, KX579066), were also found. Haplotype 29 was found in a single individual in each of four sites in New Hampshire and Maine (OD, BP, CE, MP) and haplotype 30 found in a single individual in each of 3 sites in southern Maine (YK, CE, PP) ( Fig. 6 ; Suppl Table 2 ). As compared to the focal haplotype, haplotype 13, substitutions in all haplotypes were synonymous ( Fig. 7 ; Suppl Table 1 ). In all sites except PM, the most northern site, haplotype diversity was high and ranged from 0.3072 to 0.7662 (Table 3) . Nucleotide diversity, on the other hand, was very low and ranged from 0 to 0.0035 (Table 3 ).
Pairwise population differentiation (F ST ) and gene flow (N e m) estimates indicate that there is little genetic difference between populations from Connecticut to Maine due to high gene flow (Table 4 ). Significant differentiation occurred between the most southern site, NJ, and three southern sites (CT, OD, and BP) ( Table 4 ). The most northern site, PM, was also significantly differentiated from most sites due to the presence of a single haplotype in that site as compared to multiple haplotypes that were found in sites to the south (Table 4) . At the genetic level, populations within southern and central Maine should be considered to be panmictic due to low F ST and very high gene flow (Table 4) ; these sites are also the most genetically diverse ( Fig. 6 ; Table 3; Suppl Table 2 ). Density of genetically diverse invasive Asian shore crab 1161
Discussion
We found that Asian shore crab (Hemigrapsus sanguineus) populations, predominantly composed of a single haplotype (Fig. 6 ) originating from Japan, Korea, or Taiwan, have expanded over the last 10 years in southern Maine, mirroring the ecological takeover by this species in southern New England over the last 20 years. Much like in southern New England, H. sanguineus is now the dominant crab species on rocky shores in southern Maine ( Fig. 1 ) (Lohrer and Whitlatch 2002a; O'Connor 2014) . As the range and populations of H. sanguineus have expanded since its introduction to the USA in 1988, it has led to declines in populations of the invasive green crab (Carcinus maenas), and this appears to be happening in Maine as well (Epifanio 2013) . At sites in New Hampshire and southern Maine where H. sanguineus was abundant, C. maenas was found at less than half the densities at which it was found in northern Maine where H. sanguineus was rare. Green crab densities in southern Maine were similar to those measured by Griffen et al. (2008) in 2006, but that previous study used a random sampling method as opposed to targeting the preferred cobble habitat like in the present study. As such, it is possible that C. maenas densities in these cobble areas have declined in conjunction with the substantial increase in H. sanguineus populations. It is also possible that green crabs in this region have moved into the subtidal zone or into alternative habitats like mud flats and salt marshes where H. sanguineus is not prevalent.
The difference in C. maenas density between northern and southern Maine does not show causation related to the effects of the expanding H. sanguineus population, but it would be in line with the ecological transition in southern New England as H. sanguineus spread and C. maenas populations declined (Epifanio 2013) . However, it is important to note that C. maenas is more abundant in soft-sediment habitats than H. sanguineus, so those areas may be less affected by increasing H. sanguineus densities in the Gulf of Maine. In addition, a secondary green crab invasion in the 1980s introduced northern (cold-water) haplotype Sites are shown in order from south to north. See Table 1 for location designations C. maenas to the Gulf of Maine, and these haplotypes are presently found solely in northern Maine and sites north in adults (Williams et al. 2015) . The green crabs with the northern haplotypes may interact differently with Asian shore crabs or may be able to better compete in the colder waters in the northern Gulf of Maine, leading to higher green crab densities in the north. Ecological significance of the northern green crab haplotypes has yet to be tested, so any competitive differences or potential impacts on population density are purely speculative at this point. Population densities of H. sanguineus increased a minimum of 10-fold by 2015 at all Maine sites which had established populations in 2005 (Stephenson et al. 2009 , highlighting the success of these invasive crabs in the northern extent of their range (Fig. 2) . Importantly, while populations have expanded rapidly in southern Maine, few northern populations have been established since 2005. While some sites including Owls Head and Jonesport did not have H. sanguineus in 2005 but did in 2015, population densities in these locations were extremely low. Regardless of time since invasion, populations along this range are relatively homogenous, with 69% of all individuals sharing the same haplotype ( Fig. 6 ; Suppl Table 2 ). However, the Asian shore crab has more COI diversity (Fig. 6 ) in this initial time since invasion (*27 years) as compared to the green crab whose populations were of a single southern haplotype for over 150 years (Roman 2006) .
Unlike green crabs, which primarily carry eggs in the low intertidal zone (Fig. 3) , Asian shore crabs appear to carry eggs at similar rates across tidal levels (Fig. 3) , which may allow them to gain a foothold in areas where low intertidal zones are dominated by competing species such as green crabs, rock crabs, juvenile Jonah crabs, and juvenile lobsters (all of which were observed in this study). This was supported by an absence of any significant difference in density, size, or sex ratio of H. sanguineus between different tidal levels at the sites included in this survey, as well as by Lohrer et al. (2000) , who found no tidal preference for H. sanguineus. Along with the recent spread of H. sanguineus into salt marshes (Peterson et al. 2014 ), the lack of tidal level preference suggests a generality of habitats that could contribute to the continued success of this invasive crab.
The rapid expansion of southern Maine H. sanguineus populations will likely have substantial Table 1 for  site abbreviations and supplemental Tables 1 and 2 for additional details about the haplotypes Tables 1 and 2 for additional details about the haplotypes Density of genetically diverse invasive Asian shore crab 1163 ecological impacts, as this species has contributed to major declines in crab and mussel populations throughout southern New England (Lohrer and Whitlatch 2002b; Brousseau et al. 2014; O'Connor 2014) . Asian shore crabs have also reduced populations of barnacles, snails, worms, and algae in various parts of their range (Tyrrell et al. 2006; Kraemer et al. 2007) , and may compete with juvenile lobsters as well (Demeo and Riley 2006; Lord and Dalvano 2015) . The primary crab species that H. sanguineus is replacing in the northwest Atlantic is the green crab, which is ecologically relevant because while these crabs have similar diets, H. sanguineus has shorter egg brooding and larval duration (McDermott 1998) , is more aggressive than C. maenas (Jensen et al. 2002) , and can reach much higher population densities (O'Connor 2014). There are contradicting reports of whether C. maenas or H. sanguineus have higher per capita feeding rates, which is important because H. sanguineus are generally smaller and thus would have much less biomass at similar population densities (Lohrer and Whitlatch 2002a; DeGraaf and Tyrrell 2004) . The feeding activity rhythm of H. sanguineus may also provide it with a competitive advantage, as starved individuals do not display the photophobic behavior displayed by other crab species (Spilmont et al. 2015) . Similarity in feeding rates between species would suggest that they have similar ecological impacts despite their difference in body size and any resultant differences in population biomass. While expanding H. sanguineus populations will likely have a large ecological impact, the 10-year factor of increase (FOI) in Maine populations was 3-fold lower than the 10-year FOI for populations in southern New England (O'Connor 2014) (Fig. 5) .
Small populations in Rhode Island increased to nearly 200 crabs-m -2 over ten years from 2001 to 2011, while the highest population size in the present study was just over 30 crabs-m -2 (Fig. 2) . While crab populations may vary from year-to-year, the drastic differences in H. sanguineus population density between 2005 and 2015 (17-fold) and the 3-fold greater FOI in southern New England are unlikely to be strongly affected by annual variability. There are a couple possible reasons for the lower FOI in Maine, one of which is temperature limitation of the megalopa larval stage (Stephenson et al. 2009; Epifanio 2013 ). There is a strong temperature gradient in the Gulf of Maine (Table 1) , with June seawater temperatures ranging from approximately 6°C in the north to over 14°C in the south (Kolber et al. 1990 ). This varies seasonally but would also explain the limited northern spread of H. sanguineus over the last decade, making it the most likely hypothesis. If temperature is the factor limiting northward spread and population growth due to limited thermal tolerance of megalopae, then H. sanguineus populations could expand within a single warm summer due to the short duration (approximately 2 weeks) of the megalopa stage (McDermott 1998; Epifanio 2013) .
It is also possible that ocean currents and associated larval transport are limiting population expansion in Maine, as the Eastern and Western Maine Coastal Currents move water to the southwest, unlike major currents in southern New England and the midAtlantic Bight, which generally move northeast. As a result, Maine lobster larvae are typically transported southwest in surface currents (Incze and Naimie 2000) , a pattern that may be similar for crab larvae. However, the C. maenas invasion spread northward (Fig. 6) , it is possible that there is standing variation in either the nuclear or mitochondrial genomes that could be selected upon over time and allow for coldwater temperature tolerance allowing for an expanded range in the future. Gaps in the size-frequency histograms of H. sanguineus populations may suggest episodic recruitment in the northern part of the range of this species or just that the populations in central and northern Maine have only recently become established (Fig. 4) . F ST and N e m estimates indicate that the most northern population is isolated compared to sites to the south that are relatively panmicitic (Table 4) . If megalopae thermal tolerance is the limiting factor in the northward spread of this species, rapidly warming waters in the Gulf of Maine associated with climate change (Pershing et al. 2015) could facilitate further expansion of H. sanguineus populations in this region. Regardless of the factors preventing maximum rates of population expansion, it is clear that H. sanguineus populations have increased substantially in New Hampshire and south-central Maine over the last decade and could extend this upward trajectory, given that H. sanguineus can reach densities of hundreds per square meter in cobble habitats. A continued increase in the prevalence of H. sanguineus will likely lead to decreased abundance of various prey species and to declines in green crab populations as has occurred in southern New England. We have the opportunity to document the spread and mitigate the impact of H. sanguineus during the midst of its invasion of the Gulf of Maine, an opportunity that would have been valuable during the green crab invasion 100 years earlier.
Haplotype data from our study indicates that haplotype 13 animal(s) from either Korea, Japan, or Taiwan originally invaded North America (Figs. 6, 7; Suppl Table 1), a haplotype that is the second most predominant within its native range (Yoon et al. 2011) and has previously been identified in samples from Taiwan (GenBank: EU169911.1), Delaware (GenBank: EU169902.1, EU169905.1, EU169923.1), New Hampshire (GenBank: EU169914-17.1), and Maine (GenBankEU169908.1 and EU169910.1). This haplotype was likely the first to invade due to its frequency within every sampled population and the extent of its range from New Jersey, the initial site of invasion, to northern Maine, the northern extent of its current range. In addition to haplotype 13, five others from Japan and/or Korea were identified in our sites (Suppl Tables 1, 2) , including haplotype 1 which is the most prominent haplotype in the native range (Yoon et al. 2011) . The presence of these haplotypes along much of the northwest Atlantic range indicate that there were either multiple individuals during the initial introduction in the 1980s (McDermott 1991), or there have been subsequent introductions since that time. High haplotype and low nucleotide diversity are also very similar to crabs in their home range (Yoon et al. 2011) . Haplotypes 1 and 14 have also been found in the shallow southern parts of the North Sea (Raupach et al. 2015) . Given the presence of these Asian haplotypes in both the northwest Atlantic and Asia, it is unclear if European invasions (Breton et al. 2002; Micu et al. 2010) were caused by ballast water originating in North American and/or Asia. Further studies comparing haplotypes throughout the native range, the northwest Atlantic, and Europe may elucidate the origin. Interestingly, while Japanese and/or Korean haplotypes were predominant in the northwest Atlantic, haplotype 30 matched six previously identified Hong Kong (HK) individuals (Steinberg 2008) in 7 of 8 nucleotide substitutions ( Fig. 7 ; Suppl Table 1) , with only the substitution at nucleotide 252 not matching those HK samples. It is likely that this substitution does exist in HK, but was under-sampled in Steinberg (2008) . The presence of haplotype 30 in our study provides further evidence for the hypothesis of multiple individuals in the first introduction or multiple introductions since that time. Regardless of the initial invasion history, it is clear that the populations in the northwest Atlantic, especially those in Maine, are genetically diverse and well connected which may lead to further invasion success in terms of distribution and total biomass in Maine and points north.
It is important for future research on Asian shore crabs to concentrate on the ecological impact and the genetics of this invasive crab species that is rapidly becoming the dominant predator on southern Maine rocky shores. It is of particular importance to determine the thermal tolerance of H. sanguineus megalopae or any other mechanism limiting the northward spread of this crab species. This could help explain the major findings of this study, in which we determined that Asian shore crab populations in the Gulf of Maine are diverse and are rapidly increasing in numbers. The northward spread appears to be slow and sporadic, in contrast to the first decade after the introduction of H. sanguineus to the USA, when northward and southward spread occurred rapidly and largely unimpeded. The 17-fold increase in Gulf of Maine H. sanguineus density of a relatively panmictic population that was revealed by this study suggests that while population expansion is happening at a slower rate than in the warmer waters of southern New England, Asian shore crabs are quickly becoming important ecological players in the Gulf of Maine. 
